II. GEOMETRICAL STRUCTURE OF BLACK PHOSPHORUS

FIGURE S 2. (a)
A conventional cell of the crystal structure of black phosphorus and (b) a top view of monolayer. Within a hexagonal ring in one single layer, the upper three atoms are indicated as A, B and C, while the nether three atoms are indicated as D, E and F . Layer thickness t is defined as the vertical distance between upper atoms and neither atoms in one single layer, and inter-layer distance g is defined as the separation between two single layers. The lattice constants along x, y and z directions are defined as a, b and c, respectively.
The crystal structure of bulk BP (Fig. S2 ) is optimized with different functionals, and the lattice constants are summarized in Table SI . For results obtained from PBE functional 1 , the lattice constants a and b are slightly underestimated and overestimated, respectively, while c and BCD are significantly overestimated. Note that lattice constant c is related to the layer thickness and inter-layer distance, the above overestimation may due to the lack 
previous computation and experiment are collected as shown in Table SII . The calculated elastic constants satisfy Born's mechanical stability criteria and are in good agreement with experimental values and previous computational results, implying the mechanical stability of the optimized structure of BP. [7] [8] [9] The elastic constants C 11 , C 22 and C 33 are directly related to the sound propagation along the lattice direction x, y and z, respectively, reflecting the stiffness to uniaxial strain. It is shown that BP with a large elastic constant C 11 is much harder along x direction than along y and z directions, which coincides with the Young's modulus as illustrated in the main article. To reveal the effect of strain on one single layer inside bulk BP, the interlayer distance g and layer thickness t are also extracted as shown in Fig. S3 (note the different scales of t and g). When strain along x direction varies from −10% (compressive) to 10% (tensile), the interlayer distance g decreases gradually, while the layer thickness t firstly decreases and then increases, which could be ascribed to the firstly decrease and then increase of the dihedral angle formed by plane ACD and ABC. The layer thickness t gets a minimum when the compressive strain along x direction reaches −3%, then increases almost linearly with tensile strain. If strain is applied along y direction, interlayer distance g increases and layer thickness t decreases with strain varies from compressive to tensile as shown in Fig. S3 (b).
When strain is applied along z direction as shown in Fig. S3 (c), the interlayer distance g increases almost linearly as the strain varies from compressive to tensile, while the layer thickness t increases and then decreases, i.e., there is a maximum of layer thickness t and it appears with a tensile strain of 4% applied, which might be ascribed to the interlayer van der Waals interactions. When a tiny tensile strain is applied, the interlayer van der Waals interactions would contribute an attraction between layers, resulting in the increase of layer thickness t. If the tensile strain continues increasing and exceeds 4%, the interlayer van der Waals interactions would become weaker, and then the layer thickness t falls back. The layer thickness t would be expected to converges to the thickness of freestanding monolayer BP, which is obtained as 2.13Å by carefully optimized the geometric structure of monolayer BP. In order to obtain the anisotropic properties of BP along three different lattice directions, we use the conventional unit cell but not primitive cell for the calculations of band structures and the thermoelectric properties. The high symmetry k-points in corresponding Brillouin zone are indicated as G(Γ), X, S and Y, etc., and the path of k-points used for band structure calculation are shown in Fig. S4 .
As the exact band gap is important for the accurate prediction of the thermoelectric (TE) transport properties, the electronic structures are calculated at modified Becke-Johnson (mBJ) level 10 . Fig. S5 indicates the energy band structures and density of states (DOS) without strain and with several strains applied along x, y, and z directions, from which the transitions among metal, direct and indirect band gap semiconductor can be explained.
As described in main article, when tensile strain is applied along x direction, the band gap E g firstly keeps direct and increases almost linearly, but then turns into indirect when the tensile strain reaches 8%. It could be explained by the descent of the conduction band between Y and Γ point, and the concurrent ascent of the valence band at the adjacent area between Y and Γ point, as indicated by arrows in Fig. S5(a) . When strain is along y direction, the transition from direct to indirect of band gap occurs at 3% tensile strain, which could be attributed to the slower ascent of the conduction band between Z and U than that at Γ point, as shown in Fig. S5(b) . Note the concurrent descent of the conduction band between X and S, which becomes conduction band minimum (CBM) when the tensile strain reaches 8%, leading to the decrease of the indirect band gap. As shown in Fig. S5(c) , with the increasing compressive strain along z direction, the conduction band between Z and U descends and then becomes the new CBM when the compressive strain reaches −3%, leading to the transition of BP into an indirect band gap semiconductor, and the indirect gap decreases steeply with the compressive strain. When the compressive strain reaches −7%, the band gap becomes zero and BP transits into metal eventually. The enhancement on ZT of BP under strain could be also rationalized by considering of the strain effect on the band structures and DOS, as discussed in main article. ZT max p-type n-type 300 500 700 900 11001300 FIGURE S 9. The ZT maximums along x, y and z directions as a function of temperature for both hole (p-type) and electron (n-type) doped black phosphorus.
Fig . S9 shown the ZT maximums along x, y and z directions at each temperature are determined by optimizing doping level for both hole (p-type) and electron (n-type) doped BP, respectively. The temperature for the best TE performance along y direction is 810 K for the hole (p-type) doped BP, and higher for electron (n-type) doping or along other directions, hence BP is indeed a TE material working at medium-high temperature. At the same time, considering the thermodynamic stable temperature and melting temperature of BP as 823 K and 883 K 6,12 , we only concern the TE performance of BP up to 800 K.
VII. RELAXATION TIME OF CARRIERS IN BLACK PHOSPHORUS
The relaxation time τ can be derived from the relation τ = µm * /e, where µ is carrier mobility, m * is the effective mass of carrier, and e is the elementary charge. With µ and m * along different lattice directions for both electron (n-type) and hole (p-type) doped BP extracted from experiment 6 , the anisotropic τ for BP can be evaluated as shown in Table SIII . 
